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Preface

This techr.ical report describes research by Dr. Cardone that
began in 1966 and has been sponsored by three different contracts as
its scope increased and as the many applications that it will have be-

come apparent.

The first application of this work is to use available data more
intelligently in the development of numerical wave hindcasting and fore-
casting procedures. In 1964, a wave climatology for the North Atlantic
was produced that used ship reports to generate the wind fields for
the wave hindcasts. It took one half an hour on a CDC 1604 to generate
the wind fields for every six hours for a year. Although the hindcasts
gave quite good results, it was clear that higher resolution wind fields
and a better theory for the winds in the planetary boundary layer
would improve the quality of wave predictions. This report more than
adequately makes up for the naiveté of previous wind field models in the

p.anetary boundary layer,

A second goal for this study was to aid in the development of
the software to be used should radar scatterometry and passive
microwave data become available from a spacecraft. The definition
of the winds over the ocean depends on many factors. Work is
actively in progress to combine the results of this paper with simu-
lated data such as might be obtaincd from remote .sensing techniques
so that an sptimum analysis of the planetary boundary layer can be
made. This report makes it possible toc develop ways to use the widely
scattered ship reports over the ocean obtained on a synoptic basis in
an intelligent way for the extrapolation and interpolation of space-

craft data into areas not observed by ships.

A numerical model of the North Atlantic Ocean is presently
under development for the Office of Naval Research. For this model,
the wind stress at the sea surface and the sensible and latent heat
fluxes at the air sea boundary are needed. The procedures described
in this report define the wind stress at the sea surface, the atmospheric

stability and the air sea temperature differences on an oceanic scale.
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Although not described in this report, Dr. Cardone is developing

the extensions needed to compute evaporation from the sea surface

and sensible heat exchange. This report is thus a basic building b

block in the development of procedures for modeling the oceans.

For all of 1966 and the first eight months of 1967, this
work was sponsored by the U.S. Naval Oceanographic Office under
Contract N62306-1589, Task Order No. 3 in connection with our
still uncompleted efforts to develop a wave climatology for the
North Pacific.

From September 1967 to August 1968, this work was supported
by the Office of Naval Research under Contract Nonr 285(57).

Since September 1968 this work has been supported about
equally by the Spacecraft Oceanography Project of the U.S. Naval
Oceanographic Office and by the Office of Naval Research under the
above ONR contract and under Contract N62306-68-C-0249.

In my opinion, this report provides a firm foundaticn for
all of these efforts. It serves as the first important step in inter-
preting the wealth of micrometeorological data for global scale appli-
cation over the oceans in the practical problems of making better
weather forecasts and wave forecasts, and developing oceanographic

forecasts.

(;L/)(/Z/ ansl I, (] aiony 2o

Willard J. Pierson, Jr.
Professor of Oceanography
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Abstract

The operational application of spectral ocean wave specifi-
cation models to wave forecasting is limited mainly by the inadequacy
of the meteorological input supplied to these models by existing
meteorological analysis techniques. One of the more successful
models, whose spectral growth formulation is based upon the
Miles-Phillips resonance and instability wave generation mechan-
isms, is shown to require no less than a specification of the wind
distribucion in the marine surface boundary layer. This study demon-
strates how this requirement can be satisfied in a computerized ob-
jective format from routinely available meteorological data and
prognostic fields.

Wave generation theory is employed to develop a quantitative
formulation for the effects of atmospheric stability upon the develop-
ment of the wave spectrum. In terms of this stability dependent
spectral growth formulation, the effects of stability on wave generation
are found to be significant and compare well wich observational studies
of tlie dependence of wave height and whitecap production on air-sea
temperature difference.

A simple model of the non-neutral, baroclinic planetary
boundary layer over a sea surface described in terms of an inter-
nally prescribed roughness parameter is derived. The model is shown
to provide a suitable framework for the diagnosis of the marine
surface boundary layer wind distribution from prognostic fields of

sea level pressure, air temperature and sea surface temperature.

ix
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The model is consistent, as the surface is approached, with a surface

boundary layer model constructed around similarity profile forms

that are shown to be applicable, at least under active wave generating

R conditions, to the flow near the sea surface. Finally, it is shown how these

models can be objectively applied to ships' weather observations and
routine prognostic fields to satisfy the requirements of wave hind-

. casting and forecasting.
t .
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1. Introduction

The introduction of the spectral concept to the study of water
waves by Pierson and Marks (1952) led to new methods of describing and
predicting ocean surface waves. A practical wave forecasting technique
employing spectral concepts was developed by Pierson, Neumann and
James (1955) and was based on the fully developed spectral form and
spectral growth rates proposed by Neumann (1953). The latter were
derived from data collected by Neumann on the vessel "Heidberg' where
the wind velocities were measured at a height of 7.5 meters above sea
level. The method was eventually incorporated into a large-scale
numerical wave specification model (Baer, 1962) capable oi diagnosing
the two-dimensional vcave spectrum on a grid array representing the
North Atlantic Ocean every two hours, given the meteorological input.
In that limited study, the meteorological input consisted of grid point
values of surface wind speed and direction read from hand-analyzed
streamflow-isotach charts.

The application of the similarity theory of S. A. Kitaigorodskii
to a large sample of wave recorder data collected on the British weather
ships enabled Pierson and Moskowitz (1964) to develop a spectral form
that rather successfully described the spectra of fully developed seas
in terms of the wind speed at 19.5 meters above mean sea level.
Further, it was shown that a consideration of the variation of wind with
height through the use of logarithmic profile and the drag coefficient
proposedby Sheppard (1958) brought the results of Neumann, Pierson
and Moskowitz and others into close agreement (Pierson, 1964), The

study also demonstrated that the lack of consideration of the variatiou

E
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of wind with height in the formulation of the PNJ method and in the cal-

culation of the wind field for Baer's model was clearly to their detriment

and affected resulting wave forecasts in an uncontrollable way.

The fully developed spectral form of Pierson and Moskowitz
forms the basis of an improved wave specification model (Pierson,
Tick and Baer, !966), an important aspect of which is that the spectral
growth is specified in terms of wave generation theory. Theoretical
work during the past decade has revealed the two dominant physical
processes responsible for wave generation in the frequency range of
practical interest. On the one hand, Phillips (1957) proposed that

pressure fluctuations on the sea surface associated with atmosplieric

turbulent eddies being convected by the mean wind excite, by resonance,

a wide range of frequencies in the wave spectrum with a corresponding
linear growth rate of a spectral component. Miles (1957) proposed a
mechanism whereby the pressure field induced on the sea surface by a
sheared air flow over a wave disturbed surface results in a transfer of
energy to the waves and an exponential growth rate of a spectral com-
porient. Miles' theory has since been improved (Miles, 1959), and
extended theoretically (Phillips, 1966) to include certain aspects of
turbulent air flows.

It may be concluded from the results of several recent field
and wind tunnel studies that the above body of theory is at least in out-
line correct an~ relevant to the description of the dominant modes of
generation by wind of a large portion of the wave spectrum. Further,
it appears that Phillips' resonance mechanism is significant only for

the initial excitation of gravity waves, with the feedback mechanisms
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accounting for most of the energy input. Inoue (1967) analyzed data on

- wave growih from many sources and working within the framework of

the theory was able to develop expressions for wave generation that

proved to be superior to earlier methods when applied to sample wave i

hindcasts for the North Atlantic Ocean.

Implicit in the increasing scophistication of wave specification
models is the need for a more accurate and detailed meteoroiogical
input. Indeed, what is required by state of the art wave prediction ’
models is a specification of the wind distribution in the surface boundary '
layer over the sea on as small a time and space scale as possible. The
challenge to provide such meteoroiogical analyses in an objective,
computerized format must be met if existing models are to be made
operational and utilized to their fullest extent. Such analyses may also
provide a base of meteorolegical information from which future even
more complex wave specification models can be tested and evaluated. .

One can distinguish between two broad applications of wave

specification models. First, they may be applied to meteorological

forecasts to produce wave forecasts. Until such time as time-dependent
and highly detailed boundary layer models are integrated into numerical
weather prediction schemes, the meteorological forecast proc: ~ta :-ost
adaptable to wave forecasting are sea level pressure and temperature
proguoses such as those currently produced by primitive equation pre-
diction models. Seccndly, wave specification models may be applied

to wave hindcasting; that ie, the calculation of wave fields from an
historical record of meteorological data. Wave hindcasting has been

employed to test wave specification models, as well as to calculate
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wave spectrum climatologies. Also, since it is currently impossible

to specify the initial conditions for a wave forecasting model from data,

the initial conditions are calculated thrcugh a wave hind:asting procedure

. operating on initial meteorological analyses.
A meteorological analysis procedure for wave forecasting

must then be capable of specifying the required input from both forecasted

meteorological fields and from routine observations. An analysis scheme

is proposed in this study that satisfies these requirements by incorporat-

ing models of the surface and planetary boundary layers of the marine

atmosphere into an objective computerized analysis procedure.

A simple two-layer model of the marine planetary boundatry N
. layer has been developed that includes the effects of atmospheric stability, ‘
baroclinicity and a realistic description of the lower boundary. The
model makes possible the specification of the meteorological input for
wave forecasting from prognoses of sea level pressure and temperature !
and a knowledge of sea surface temperature. The lower layer of the
planetary boundary layer model is coneistent with a surface boundary
layer model that is employed to utilize routine ships' observations of
wind and air-sea temperature difference to the specification of the re-
quired meteorological input.
The inclusion of the effects of atmospheric stability in the

analysis procedure allows such effects to be incorporated into the
wave forecasting model. As a part of this study, a spectral wave
forecasting model is extended to include the effects of stability on wave
; growth, and the results are compared with empirical studies revealing
g v the effects of stability on wave height and whitecap production. '

The analysis model ie particularly well suited to the utilization o
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of new sources of marine data that are likely to become available in the
near future. For example, as a part of IGOOS¥*, an international
marine data-gathering buoy system is under active development, and

it is posaible that a prototype network of such a system could be in
operation as early as 1973. The part of this study that deals with the
treatment of the several existing types of observations at sea should
help in the utilization of buoy data for an accurate definition of the

wind field near the sea surface.

Another important source of data that may become routinely
available is measurements of radar sea return from an orbiting
satellite. It has been demonstrated experirnentally that such measure-
ments are a measure of sea state and that they may reflect largely the
high frequency part of the wave spectrum (Moore and Pierson, 1967).
Should this be the case, radar measurements would provide an in-
direct observation of the local wind field. To infer the wind speed at
any height near the sea surface from such measurements will require
the application of surface boundary layer theory as is done in this study.

When they become available, these new sources of data should
greatly improve our knowledge of the low level wind field over the
world's oceans. Part of the analysis procedure outlined in this study
could be applied to such analyses to yield improved analyses of wind
and pressure in the marine planetary boundary layer. These analyses
could in turn be coupled with satellite infrared spectroscopic measure-
menta to provide the three-dimensional distribution of geopotential
in the marine atmosphere, a basic input to numerical weather pre-

diction models. The most immeciate benefit of such analyses, however,

*International Global Gceanic Observing System.




is to wave specification. Hence, before describing the analysis model

in more detail, it would be fruitiul to describe in detail the meteoro-

logical requirements of the wave specification model under develovment

at New York University.
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2, Meteorological Aspects of a Spectral Wave Specification Model

2.] Spectral growth formulation

In the abgence of nonlinear effects, the growth of a wave

spectral component can be expressed as (see, e.g., Snyder, 1965)

-é-i{S(f, %,t) = A(f, x, t) + B(f, %, t) S{£, X, t) (2. 1)

where S(f, x,t) is the one-dimensional spectral dengity of the component
at frequency { at the point x and time t, and A and B represent
functions of the wind field. The quantity A has been given physical
significance through the theory of Phillips (1957) which explains the
initial generation of gravity waves on an undisturbed sea surface through
a resonant excitation of gravity waves by incoherent atmospheric turbu-
lent pressure fluctuations. Snyder and Cox (1966) conducted a field
study in which they measured the growth rate of waves seventeen meters
long. Utilizing measurements of the atmospheric turbulent pressure
spectrum (over mowed grass) by Priestly (1965), they concluded that

Phillips' resonance mechanism was probably responsible for the initial

excitation of tne 17 meter waves.

In the formulation of the wave growth for a wave gpecification
model, Inoue (1967) utilized the measurements of Priestly and Snyder
and Cox, and following the method deveioped by Barnett (1967) formu-
lated a general expression for ‘A as a function of frequency and wind
speed. In the process, the wind data were corrected to 19.5 meters

through the use of a logarithmic profile, since atmospheric stability

was near neutral in the field conditions encountered. By the very

nature of the formulation, then, at least for neutral conditions, it is




important that the meteorological input to Inoue's model be designed so as
. to produce winds representative of 19.5 meters. Failurc to do so intro-
duces errors in both the amplitude and peak frequency of the implied
atmospheric pressure spectrum. It should be noted, however, that the
calculations of spectral growth by both Snyder and Cox (1966) and Barnett
and Wilkerson (1967} suggest that in most instances of practical signi-

ficance, only a very small portion of energy input to waves by the wind

is done so through a resonance mechanism. It appears that the mechan-

ism acts merely to trigger growth by an instability mechanism which in

turn is responsible for most of the wave energy.

The quantity B in equation (2. 1) has been given dynamical
and physical significance through a series of studies beginning with the
! - pioneering work of Miles (1957). In that study, Miles was the first to
E calculate the amplitude of the component of atmospheric pressure, in-
| duced by a prescribed free surface wave, in the air flow over the wave
and in phase with the wave slope, but the mnodel was rather idealized in

that the air flow over the waves was regarded as quasi-laminar, atmo-

spheric turbulence being neglected except in the sense that the mean
wind profile was specified as logarithmic. The main conclusion of that

_ work was that energy is transferred from the air flow to a wave of a
l‘ given phase speed at a rate proportional to the ratio of wind profiie
: curvature to slope at the elevation where the wind speed equals the phase
speed, the so-called critical or matched layer. Miles (1960) then
: i presented a more accurate version of this model and combined it with

: the resonance model to chow that the two were rather complementary,

each generating mechanism dominating in different states of wave develop-

ment. Phillips (1966) was successful in extending Miles' model to include

s ey e - it e ey s — S M or iz P Ve b
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some aspects of atmospheric turbulence and showed that these effects
were most important in determining the energy transfer by an instability
mechanism from wind to wave components possessing phase speeds
near or above anemometer height wind speeds.

The important result of the combined Miles-Phillips instability
theories is that the spectral density of a wave component increases ex-
ponentially with time or fetch (until dissipative effects become irnportant)

with the magnitude of the cimensionless growth rate given as

3
A_rfk

P " o B 2
%=_a..22"_{ — -%) <J‘[Ucosu-C]2e kzdz)
Pw C%k cos ‘a u! Z, 2%2m

o0
+ Ap f IZ(-U") cosa|lU cosa- Cj 2k dz} (2.2)
o

where Pa and Py, are air and water density respectively, C is
phase speed, k is wave number, U'" and U' the mean wind profile
curvature and slope, a the directional difference between wind and
wave, and z the elevation where wind speed and phase speed are
equal. A and Ap are constants and 1'2 is a number taking on the
value +! below the matched layer and is less than one above, The first
integral on the right-hand side of (2.2) and its coefficient is Miles'
solution, and the second integral is Phillips‘dcontribution, with the
range at integration limited to the fully turbulent regior of the flow.

To compare the theory with available observations of wave
growth, of course, requires estimates of the constants Am’ AP and T
above the matched layer. Miles' quasi-laminar analysis gives A ==
and r2 = 1/3. Phillips (1966) remarks that they are probably of the

same order in turbulent flow as well. The value of Ap can only be
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found by experiment and Phillips (1966) employed Motzfeld's (1937)
measurements of the 2ir flow over solid wave models to show A is
about 1.6 x 10'2 with an uncertainty of roughly +309, . The intro-

duction of the logarithmic profile
O

U=K

log = (2.3)
o

where U, =\’Tu7pa , where T is the surface stress, K is von

Kiarman's constant, and z, is the virtual origin of the logarithmic

profile, and Charnock's (1955) relaiion for z,

(2.4)

where a is a constant and g is the gravitational acceleration,
reduces (2.2) to a relation between B/f and U_/C (Phillips, 1966).

Values for a have most often been suggested between .01 and .035

and in this range, the calculation is not too sensitive to a. Figure |

indicates the theoretical form (2.2) calculated under these assumr ptions

with the value of the constants A, Am, and I used as cited above and

a value of a of .02. Also shown is the collection of experimental

data analyzed by Inoue (1967) and the growth rate proposed in that

study. It is seen that the theory in its unmodified form provides at

least order of magnitude agreement with the available data in the

range of U*/C above .03, but the predicted growth rates are too low

by a factor of 4 at high U*/C and somewhat too high at lower U _/C.

Below U*/C of about .03, the theoretical predictions depart consider-

ably from the data, but it is possible that these data represent

4 . : . . : . . *
conditions in which strong dissipative mechanisms are operating.

»For a detailed account of the criteria employed to determine the
data points shown, see Inoue (1967), p. 20.
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An increase of the factor (Aml‘g) in equation {2.2) by about 4, and a
slight adjustment of Ap will produce essentially the best fit curve of
Inoue above U_/C of .03.

In comparing their experimental results with theory, Snyder
and Cox and Barnett and Wilkerson concluded that though an instability
mechanism was clearly operative, Miles' theory was inadequate, since
its predictions disagreed with the experimentally determined growth
rates both in order of magnitude and in the trend of the data. When
their data are plotted as in Figure 1, however, it can be shown that
most of their data were in a range of U_/C such that the matched layer
was high on the mean wind profile, in a region of relatively low profile
curvature. The consequent energy transfer implied by this mechanism
is small. Indeed, it appears that Phillips' turbulent instability mech-
anism contributes to the growth rate as effectively as Miles' mechanism
at U _/C cf about .06 or above most of the data collected by Snyder-Cocx
and Barnett-Wilkerson. It may be argued that the discrepancy between
theory and observation is due to the assumption of a logarithmic profile.
However, wind tunnel/wave tank studies designed to check Miles'
theory have also found the Miles theory to yield growth rates lower
than observed even when the mean wind profile was suitably represent-
able by the logarithmic form in the region of the matched layer (Shemn-

din and Hsu, 1966). In these studies, thecoretical growth rates three

12

to five times lower than observed were found, confirming the oceanic data.

To complete the formulation of wave growth according to (2.1},
the concept of a fully developed sea is introduced. That is, it is assumed

that if the wind blows uniformly in speed and direction over a sufficiently

A
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large area and for a sufficiently long period of time, the wave spectrum
in the area will attain the fully developed form (of Pierson and Moskowitz,
1964) given as

2
B -ﬁ(wglu)4
e

a
o
So) = —g—

W

(2.5)

- - -3 5. =
where w = 2nf, a = 8.1 x 1007, p=.74 and w, = 3/019.5 where
Ul° 5 is the wind speed as would be measured at 19.5 meters above
sea level, Based on this limiting state, all nonlinear dissipative effects
that would act during wave generation are modelled implicitly by modify-

ing (2.1) according to

gl @@ e

the solution to which for zero initial cunditions can be written

2~-1/2
S t) = A {ﬂ&@%L“__l.} [1 +{A_e’§’.é§‘.h_l} ] 2.7

Inoue (1967) used (2.6) and the representations for A and B

to compute partially developed sea spectral shapes for the special cases
in which the solution to (2.6) can be considered to be independent of
either wind duration or fetch. In the former case, (2.7) can be summed
over all frequencies for varying time to yield the development cf the wave

spectrum as a function of wind duration. In the latter case, the sea is

independent of time and (2.1) becomes

Cgs-a;S(w,x) = A + BS{u, x)

where Cg is group velocity.
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With the transformation t = x/Cg + (2.7) may then be used to
calculate the development of the wave spectrum for varying fetches.

An example of a cornputation of the development of the wave
spectrum fetchwise is shown in Figure 2. The wind was specified

to be 40 knots at 19.5 meters. The quantity B was computed accord-

'ing to the procedure that will be presented in Sectign 3.5, assuming

neutral stability conditions. Also shown in Figure 2 is the fetchwise

variation of significant wave height, §1/3 »

Hl/3 = 2.83JVE

where % is twice the variance of the spectrum. The curve is found to
lie between the empirical relations proposed by Sverdrup-Munk (1947)
and Pierson, Neumann and James (1955).

Inoue (1967) also applied the spectral growth formulation out-
lined above to a2 numerical wave specification cornputer program to
Lindcast wave conditions over the North Atlantic Ocean during December,
1959. The time history of hindcasted significant wave height verified
well with observed data collected at the position of the British weather
ship equipped with a wave recorder. More significant, however, was
the fact that the predicted wave spectrum verified better than any model
previously run, particularly at the more irnportant lower frequencies.

It is apparent from the above that a wave specification model
employing a carefully formulated spectral growth such as the model of
Inoue requires an especially precise meteorclogical input. The Inoue
growth formulation requires estimates of the surface stress and the wind

speed as would be measured at 19.5 meters. Of course, wind direction
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must be specified, inasmuch as the spectral representation in the model

18 two-dimensgional, With regard to wave hindcasting, the computation

of these parameters from routinely avaiiable synoptic ship reports
implies a knowledge of the wind distribution over the sea up to the heights
of the highest anemometers (~40 meters). In the range of wind speeds
of practical significance, surface boundary layer theory would be ex-
pected to be applicable to this specification. Wave forecasting, how-
ever, requires the calculation of these input parameters from routinely
available prognostic fields and implies a knowledge of the wind dis-
tribution in the planetary boundary layer over the sea. An important
part of this study is the application of surface and planetary boundary
layer theory to the marine atmosphere such that the wind distribution

in that atmosphere as required by sophisticated wave specification

models can be obtained in an objective computer-based procedure

from routinely available meteorological sources.

2.2 The effects of atmospheric stability

It is widely held by mariners that for a given anemometer height
wind speed, sea surface waves develop more rapidly and reach greater
heights when the air is colder than the underlying sea surface than
when the reverse is true. The phenomenon, however, has not been
studied extensively from a scientific point of view. Roll (1952) analyzed
data collectedat certain North Atlantic weather ships and found that for
the same measured wind speed, the mean wave height was about 20%
higher during unstable conditions (water ternperature €.7°C above the
air temperature) than during neutral conditions. Fleagle (1956) has

criticized Roll's conclusion on the grounds that the observed relation

i
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between air-sea temperature difference and wave height might be due

to a correlation of fetch with stability rather than stability and wave

gereracion. Recently, a wind tunnel-wave tank experiment was con-
. ducted in whick the growth rates of the wind generated waves were
determined for varying water temperatures (Hidy*). Growth rates '
were found to be higher when the temperature of the water was higher
than that of the air. The experiment wae designed to check Miles!**

viscous theory of wave generation and the effect was attributable to b

the dependence of the molecular viscosity coefficients on temperature.
Fleagle (1956) analyzed wave height and wind speed data at
certain weather ships in a way designed to eliminate possible cor-
relations between fetch and stability., He concluded that significantly
. higher waves are generated in unstable conditions than in stable con-
ditions and that the effect is of practical importance with the extremes

of air-sea temperature differences sometimes encountered in certain

regions of the major oceans.
In light of these results, it seems appropriate to include the

effects of atmospheric stability in a wave specification model. Such

effecta could be included most basically by some modification of the

i three components of the spectral growth formulation: the resonance

» Personal communication.

' ** The theory presented by Miles (1962) appears to explain the

growth of gravity waves whose phase speeds are so low such

{ that their matched layers lie inside the viscous sublayer. These
spectral ccmponents are of little consequence in a practical wave o
specification program since they contribute little to the total wave i
energy present under real conditions and can be assumed to be in ;
equilibrium with the local wind field. o
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growth, the instability growth, and the fully developed spectral form.

Though it is likely to be sensitive to the prevailing atmospheric stability,

little is known about how the atmospheric turbulence pressure spectrum

varies with stability in any quantitative way. Such knowledge must

await careful measurements of the fluctuating pressure field near the

surface such as those carried out by Priestley but over widely varying

stability conditions. However, the relative unimportance of this mech-

anism to energy transier in most cases of practical significance suggests

that the exclusion of a stability dependency from this parameter speci-

fication would not be serious. The sensitivity of the instability theories

of wave generation to the characteristics of the wind profile, and the

success of the application of profile theory to the fully developed spectral 5

form in explaining the discrepancies between various proposed forms. ,

however, do indicate that realistic stability modifications can be made i

to these aspects of the spectral growth, since the shape of the wind

profile in the surface boundary layer is known to depend on stability.
The cffect of atmospheric stability on the generation of free

surface gravity waves by an instability mechanism can be investigated i

by examining the departure from the neutral growth rates shown in

Figure 1 when a stability-dependent non-logarithmic profile is intro-

duced into the theoretical relation (2.2). Since stable conditions pro-

duce more significant deviations from tke purely logarithmic profile

than equivalent unstable conditions, any sensitivity of the growth

rate to stability should be more apparent under stable conditions.

*f quivalent in the sense that the Richardson numbers near the
surface are equal in absolute magnitude.
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Under these conditions, the wind profile in the surface boundary layer
is well represented {except in extreme stability) by the so-called
log +linear relation*
Uy z z

U =7 log;—;+u1—‘ (2.8)
where L is the so-called Lettau-Monin-Obukov stability length
defined as

L= —Y_T—l?—-.U”‘3 KCpPa (2.9)
g -

where Cp is the specific heat of air at constant pressure, H is
the heat flux and -p-a is the mean density of the surface boundary
layer, wherein L is considered to be constant. The substitution of

(2.8) into (2.2) yields

%:2 :’:v CK/{ 1-2( m) (Kln*”‘k__(*‘ 1)> ke g )

s akz -2kzmp
+A I — Ing + g (6 e dp.} (2.10)
bo K2 b

where the substitution p = z/z  has been made and yu =h‘:’/zml
ho marking the lower limit of the fully turbulent flow. The dimension-
less height of the matched layer kzm can be expressed as a function

of the ratio U,/C and the dimensionless stability parameter kL since

U, z az_
C-? 108—+T/ z°<<L (2.11)

%*The ~validity of this form as well a8 the applicability of profile theory
in general over the sea surface is discussed in the next chapter.
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80 that

«z (KC/Ux-azm/L)
m ot

z (2.12)

Through the use of Charnock's relation for z2g (2.12) can be written

ke = a(U*/C)ze(KC/U* -akm /kL) (2.13)

As in the calculation performed for neutral conditions, the lower ex-
tent of the fully turbulent region can be chosen as the height where

U-= IOU* . Then, since

U h

210U, = o A

U—lOU*-K (logzo, h°<<L

we can write
kh
2 4.0 1
Mg = E-z—‘l =a(U/C) e . (2.14)

m m

In general, then, B/f is a function of the ratio U*/C and the di-
mensionless parameter gL/CZ. The sensitivity of (2.2} to stability
wasg determined in the following way. For a chosen value of U_/C and
gL/CZ, the dimensionless matched layer height was calculated by
applying the Newton-Raphson iterative scheme to (2.13). Then, o
wag calculated from (2.14) and (2.10) evaluated numerically, employ-
ing the same values for the constants AP , Am and I used in the
neutral calculation. The significant result of these calculations was
that for typical values of U,/C and gL/C2 , the growth rates for a
given U_/C were ingensitive to the stability parameter, deviations
never exceeding 10% of the neutral growth rates. The reason lies in

the fact that stability affects the wind profile (2.8) only at appreciable

height. With regard to Miles' contribution to _(2.10),stabi1ity does

I
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indeed produce significant departures from the neutral growth rates
but only at relatively low values of U*/C, where the cox;tribution of
the mechanism to the total growth rate is negligible. On the other
hand, contributions to the first integral in (2.1¢), representing
Phillips' contribution, arise mainly from the region of high profile
curvature, just above the lower limit of integration but well below
the matched layer.

The fact that the relation between B/f and U, /C appears to
be a "universal' one, independent of the atmospheric stratification is
not necessarily inconsistent with the studies of Roll and Fleagle cited
above, which imply higher growth rates during unstable rather than
urnder stable conditions, since these studies used as a measurc of the
wind field the wind speed as measured at typical anemometer levels
(20 to 25 meters). To demonstrate this point clearly, consider the
three hypothetical profiles shown in Figure 3. The friction velocity
and the roughness parameter are the same (1’0 =1 dyne/cmz) for all
three profiles but the purely logarithmic profile is valid for neutral
conditions while the other two represent moderate departures from
neutrality (JL| = 3000 cm). Note that the profiles for all three
stability regimes are nearly identical below one meter but that signi-
ficant differences appear at the height at which wind speed is normally
measured. If winds were measured at 20 meters, for example, it
would take a wind of about 24 knots under stable conditions to produce
the effective wave generating ability of a wind speed of only about 19
lknots during neutral conditions and 17 knots under unstable conditions

Conversely, the inclusion of atmospheric stability in the determination
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FIG. 3

Theoretical wind profiles in the marine surface boundary layer for

a surface stress of 1 dyne/cmz and neutral (N), unstable (U), and
stable (S) stratification.
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of friction velocity from measured winds yields higher friction velo-
cities and in general more rapid development of the spectrum on the
whole for unstable conditions than for neutral conditions. |

An important aspect of the spectral growth formulation under
discussion is the fully developed svect:al form. The latter is based
upon wave recorder data analyzed by Moskowitz {1964) and provides a
nested family of curves for the wave spectrum in terms of the 19.5
meter wind speed. The relationship also implies that the significant
wave height fcr fully develcped seas is proportional to the square of
the 19.5 meter wind speed. Serious discrepancies apparently existed
between the Pierson-Mcskowitz spectrum and the theoretical spectrum
proposed by Neumann (1953) upon which the Pierson, Neumann, James
{1955) Jorecasting manual was based. Pierson (1964) showed, however,
that the differences between the two theories largely reflected differ-

ences in the heights of the anemometers used to measure wind speeds

for the data sets that formed the basis of the two proposed spectral forms.

The theory of wave generation suggests that the rate at which
energy is transferred from wind to wave is determined largely by the
properties of the wind field very near the surface. This in turn sug-
gests that the definitive parameter in a fully developed spectral form
should be the wind profile very near the surface and not necessarily
a wind speed at some height high above the surface. With regard to
Figure 3, for example, this implies that all three profiles should pro-
duce the same fully developed sea, although the 19.5 meter wind
speeds vary by 7 knots over the range of stabilities represented.

The fully developed spectral form can then be easily extended

to non-neutral conditions by incorporating into the Pierson-Moskowitz
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spectrum the simple notion of an equivalent wind speed, UE’ where
Up = UE(Um, L)

definea a prucedure which, for a measured wind Um and prevailing
stability, yields the wind speed that would exist at 19.5 meters if the
surface stress were unchanged but the surface boundary layer exhibited
neutral stability. The procedure effectively relates the Pierson-
Moskowitz spectrum to the wind profile and for a given measured wind
speed produces higher fully developed seas for unstable conditions than
for stable conditions.*

The wave data analyzed by Roll and Fleagle in the studies noted
above allow at least a rough test of the proposed stability modifications
to the spectral growth formulation. Before the theoretical predictions
can be compared with the data, however, it is necessary to specify in
defai.l the wind profile representations applicable to the surface boundary
layer over the sea surface. Further, it must be shown how these forms

can be specified in terms of standard ships' weather observations.

%xAn alternative approach would have been to redefine the fully developed
spectral formulation in terms of U, , as had been originally suggested
by Kitaigorodskii (1961). It is shown in Section 3, however, that
(U*/U19.5)2 increases nearly linearly with wind speed in the range
20 to 40 knots. A dimensionally consistent spectral form in terms of
Ux would then imply that the fully developed significant wave height
was proportional to the cube of the wind speed, a result in serious
disagreement with the data of both Neumann and Moskowitz.
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3. Surface Boundary Layer Model

3.1 The profile method

A great deal of progress has been made in recent years in
our understanding of the distribution of wind and temperature in con-
stant flux boundary layers over solid boundaries through the application
of the Monin-Obukov similarity theory. The extent to which the theory
is applicable to the analysis of the flow near the sea surface depends
on the extent to which the concepts developed in the analysis of
neutral boundary layers over solid boundaries can be transferred to
the sea.

The sea surface is basically different from a solid boundary
in that a fluid interface cannot support a stress discontinuity. More
significantly, the fluid interface is characterized by travelling waves,
whose momentum is typically derived from the air flow c2bove the
interface through wave generation mechanisms. Hence, serious ob-
jections have sometimes been raised to the application of medels, such
as the logarithmic profile, to the flow near the sea surface. To
justify the application of profile methods to the flow near the sea sur-
face, it is useful to review first the properties of air flow over solid
boundaries and then examine the nature of the air flow over the sea
surface in the light of the recent developments in wave generation
theory.

Consider the flow over a horizontal plane surface, with the
rmean wind taken to be parallel to the surface with instantaneous wind
components ui(i,j =1,2) and w. The x, axis is in the direction

1

of the mean wind, the z-direction is directed opposite to the direction
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of gravity, and the X, axis ie directed so that a right-handed orthogonal
coordinate system results. The horizontal components of the momentum
equation can be written as

u. du.u. au w

1 8
S+ -5——1 + g = + vl u (3.1)
where v is the kinematic viscosity, and the continuity equation for a
consgtant density fluid
ou

i, ow _
5—;;1"3—2- =0 (3.2)

has been employed.

For turbul:nt flows, the velocity and pressure can be de-
composed into an average value and an instantaneous fluctuation as
u = U +u

i i

w=W+w' (3.3)

o
]

F+p'
Substitution of (3.3) into (3.1) yields

ou,

8U.U,
i, 90V 5 ——_ 19P 2 5 —
3t Tox "—axJT Y'Yy T Ex YV Uitz W) (3.4)

after the average of the resulting equation is taken. Imposing the
restrictions that the mean flow is steady and that all averaged quantities

are functions of z only reduces (3.4) to

9
5= (P v aw )" (3-5)
The quantity -p u,w represents the horizontal components of the

Reynolds stress and equation (3.5) implies that the total stress, T;
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T,:pu,w-p

avu,
—_—1
i i 9z

= constant (3.6)
and hence is equal to the stress at the boundary T, !
An analysis of the typical scales of atmospheric motions
and the magnitudes of the terms in (3.1) indicates that the assumptions
leading to (3.6) are justifiable in the neutral boundary layer near the
& surfa